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AERODYNAMICS OF MARS ENTRY PROBE-LANDER
CONFIGURATIONS AT A MACH NUMBER OF 10
By Robert I. Sammonds

Ames Research Center
SUMMARY

An experimental study to determine the aerodynamic characteristics of
several configurations intended for use in exploring the atmosphere of Mars
has been conducted in free flight, in still air, at a nominal Mach number of
10 and a Reynolds number (based on model diameter) of 300,000. The configura-
tions tested were three spherically blunted axisymmetric cones designed to
have a zero lift-curve slope and constant drag at moderate angles of attack
and two higher drag blunt cones with half angles of 60° and 55°.

At angles of attack less than 15°, the drag coefficients of all three
"zero 1lift" models were invariant with angle of attack and the lift-curve
slopes were near zero. Each of these configurations was statically stable,
with the stability decreasing with increasing angle of attack. The dynamic
stability of the three ''zero 1ift" models varied from stable to unstable as
the combination of cone half-angle and nose bluntness ratio was varied from a
cone half-angle of 44.1° and a nose bluntness ratio of 0.33 to a cone half-
angle of 27° and a bluntness ratio of 0.95.

The drag coefficient for the 60° high-drag cone was 1.46 or about
4 percent higher than that obtained for the 55° cone. The lift-curve slope
and the dynamic stability were the same for these two high-drag models and
essentially constant with angle of attack. These two models were statically
and dynamically stable in the angle-of-attack range of these tests. However,
of the five configurations tested the static stability of only the 60° cone
increased with increasing angle of attack.

The addition of an afterbody to the 55° high-drag blunt cone did not
appreciably affect its aerodynamic characteristics in the angle-of-attack
range of these tests (0° - 15°).

INTRODUCTION

The use of unmanned probes to explore the atmosphere of the planet Mars
has been proposed (refs. 1-4). The structure and mean molecular weight of the
atmosphere can be determined during entry by on-board measurements of pressure,
temperature, and acceleration in appropriate phases of the entry, while the
atmospheric composition can be determined by measuring the thermal radiation
of the shock layer or by use of a mass spectrometer.



It was originally thought that a ballasted sphere would make an ideal
vehicle for this purpose (ref. 1) because of its characteristics of zero 1lift
and constant drag. However, tests (ref, 5) have shown it to be dynamically
unsatisfactory, unstable at all Mach numbers from 0.4 to 14.5 and erratic in
its angular motions at low speeds. As a substitute for the sphere (intended
to retain its basic advantages), a series of sphere-cone models were designed
using Newtonian impact theory to have drag independent of angle of attack.

From the -following relationship from reference 6, CL = Cp - 2CDO,
o max

a family of spherically blunt cones having constant drag can be derived by <
setting CLQ = 0.

It was the purpose of this investigation to determine the aerodynamic
characteristics of three such bodies as well as two higher drag bodies that
might be suitable either as probes or landers. The effects of angle of attack
on the drag, lift-curve slope, static margin, and the static and dynamic sta-
bility were determined for each of the candidate configurations at a Mach num-
ber near 10. Some effects of afterbody shape, Mach number, and Reynolds
number are noted briefly for one of the high-drag configurations.

These tests were conducted in the Ames Hypervelocity Free-Flight
Aerodynamic Facility and the Ames Prototype Hypervelocity Free-Flight
Facility.

MODELS

Two classes of model were tested: first, a set of three sphere-cone
models designed to have nearly constant drag and a zero lift-curve slope at
moderate angles of attack (figs. 1(a), (b), and (c)); and, second, a pair of
large-angle blunt cones designed to yield very low m/CpA (figs. 1(d) and (e)).

The first group was designed using Newtonian impact theory to have
constant drag independent of angle of attack and zero 1ift at angle of attack.
The basis for this design is the relationship

et e ety L

C, =C -2 £.
L, = Cp - Xp,  (ref. 6)

P = 2, gives the result that shapes having a drag coefficient ‘

max ]
of 1 also have a lift-curve slope of 0. The result is a family of cones of I
varying angle and bluntness starting with a sharp-nosed 45° half-angle cone
and ending with a hemisphere, as shown in figure 2.

which, for C

The first two models were selected on this basis and had cone half-angles
(6¢) of 44.1° and 40.8°, nose-bluntness ratios (rp/rp) of 0.33 and 0.67, and

center-of-gravity locations (Xcg/d) of 0.32 and 0.28 (from the model nose),
respectively, as shown in figures 1(a) and (b). }




The third zero-1lift model was designed to have zero 1ift at a small
finite angle of attack on the premise that since the model would normally be
oscillating during reentry, it might be possible to extend the angle-of-attack
range in which the 1lift was essentially zero and the drag variation accept-
able. This was accomplished by designing a shape with drag coefficient
slightly less than 1(Cp # 0) which from the above equation gave a slightly
positive lift-curve slope (0 < CLa << 1) at o = 0°. These considerations

resulted in a model with a cone half-angle of 27°, a nose bluntness of 0.95,
and a center-of-gravity location of 0.27 (fig. 1(c)).

The high-drag configurations (also blunt cones) had cone half-angles of
55° and 60°, nose-bluntness ratios of 1.0 and 0.2, and centers of gravity at
0.17 and 0.23 diameter from the nose, respectively, as shown in figures 1(d)
and (e). The 55° cone was also tested with an afterbody consisting of a 30°
half-angle spherically blunted cone with a bluntness ratio (rg/rp) of 0.5.

The center of gravity for this configuration (fig. 1(f)) is located at the
point of maximum diameter, 0.24 diameter from the nose. The 60° cone had a
corner-radius ratio (ro/rp) of 0.1, whereas all other models had sharp corners.

With the exception of model F, these models were homogeneous so that
their centers of gravity fell at their respective centers of volume. Model F,
however, was bimetallic, as noted in figure 1(f); thus its center of gravity
was not coincident with the center of volume.

Photographs of the models and two typical sabots are shown in figure 3.
The sabot shown in figure 3(d) is canted 10° to launch the model at an angle
of attack.

The model geometries are summarized in table 1.
TESTS

Model configurations A through E were tested in free flight, in still air,
in the Ames Hypervelocity Free-Flight Aerodynamic Facility at Mach numbers
near 10 and at Reynolds numbers near 300,000, based on the model diameter and
free-stream air properties. Tests of configuration F were also made in free
flight, in still air, but in the Ames Prototype Hypervelocity Free-Flight
Facility at Mach numbers from 3 to 16 and for Reynolds numbers from 160,000 to
550,000.

Table 2 lists the test conditions.

Model Launching

The models tested in the aerodynamic facility were launched from a
25.4 mm (1 in.) diameter deformable-piston, light-gas gun (ref. 7). The
models tested in the prototype facility were fired from a similar gun, 12.7 mm

/



(0.5 in.) in diameter. The models were supported in the guns by means of four-
piece polycarbonate plastic (Lexan) sabots (fig. 3).

Instrumentation

Shadowgraphs were obtained in orthogonal planes at 16 observation
stations over a ballistic flight of 23 meters (75 ft) (aerodynamic facility)
and at 11 observation stations for a ballistic flight of 12 meters (40 ft)
(prototype facility). The photographic observation stations in each of the
facilities contain accurately calibrated fiducial systems so that the model
spatial position and angular orientation are determined accurately over the
entire length of the flight., Electronic chronographs measured the time of

flight between stations.

DATA REDUCTION

A computer program, described in detail in reference 8, was used to
determine the aerodynamic coefficients of each configuration by analyzing
their free-flight motions. This data-reduction program uses the time-
distance data of each flight to determine drag coefficient and the linear dif-
ferential equation of motion given by Nicolaides (ref. 9) to determine the
lift-curve slope and the static and dynamic stability. This assumption of
linear aerodynamics does not prevent the use of this method for bodies with
nonlinear stability coefficients. For models having nonlinear coefficients,
the above method is used to reduce data from several flights at different
amplitudes. These quasilinear coefficients for various angle-of-attack ampli-
tudes are then used in an additional program (also described in ref. 8) to
obtain the desired nonlinear coefficients as a function of angle of attack.

Two representative pitching and yawing motions from the present tests, as
viewed in the a-B plane, are shown in figure 4. The angles of attack and
sideslip determined from shadowgraphs at each station are indicated by the cir-
cular symbols. The curves show the theoretical motions which best fit the
experimental data; the asterisks are the theoretical points that correspond to
the experimental values.

RESULTS AND DISCUSSION

The aerodynamic coefficients Cp, Cp, Cp, &, Cmq + Cp,., and the center-of-
Q

pressure location determined experimentally are presented in figures 5 through
13 for the zero lift models A, B, and C, and in figures 14 through 22 for the
high-drag models D and E. Additional data for one of the high-drag configur-
ations, model F, showing the effect of afterbody shape, Mach number, and
Reynolds number are presented in figures 23 through 25,




Zero-Lift Bodies (Sphere Substitutes)

The design requirements for the sphere-substitute bodies (A, B, and C)
are drag coefficients (1) and lift-curve slopes (=0) which are essentially
invariant with pitching amplitude - at least for moderate pitch amplitudes.
The experimental data in figure 5 show that the drag coefficients were essen-
tially constant from o = 0° to 14° for each of the three models, varying only
by about 1 percent. These data also show that the drag coefficient decreased
with increasing bluntness and decreasing cone angle. It should be noted, how-
ever, that this last observation is pertinent only because of the restrictions
placed on the variation of cone angle and bluntness due to the specification
of zero lift-curve slope. Drag data collected from a number of sources
(refs. 10 through 15), and presented in figure 6, show that for either a sharp
cone or cones with constant bluntness ratio, a decrease in cone angle is accom
panied by a decrease in drag coefficient. These data also show that for cone
half-angles below some critical value a change in nose bluntness can have a
large effect on the drag coefficient. Thus it becomes apparent, with regard
to figure 6, that the decrease in drag coefficient between models A and B is
due primarily to the decrease in cone angle and is influenced only slightly by
the difference in bluntness. However, the further decrease in drag of model C
due to decreasing cone angle is largely offset by the increase in nose
bluntness.

The drag data in figure 6 are compared with results of several
theoretical calculations (refs. 16-19) with the following results:

1. The drag of pointed cones at zero angle of attack is predicted with
good accuracy by conical flow theory (ref. 16) up to the cone angle for which
the bow wave becomes detached.

2. In this same cone-angle range, the method of Rakich (ref. 17) can be
used to predict the effect of nose bluntness ratio for bluntness ratios from
0 to 1.0. This method shows that for small amounts of bluntness (rp/rp = 0.2)
the effect of bluntness on drag is negligible and that for a given amount of
bluntness the effect of bluntness decreases with increasing cone angle.

3. For the range of cone angles where the bow wave is detached for all
bluntness ratios the method of integral relations (ref. 18) and the method
of Kaattari (ref. 19) do a reasonable job of predicting the drag coefficient.
In this cone-angle range the effect of bluntness is negligible.

Although the theory used to design the sphere-substitute shapes specified

a drag coefficient of 1.0 and a Cp of 2.0 to obtain a lift-curve slope of
max
0 (ref. 6) only model A had a drag coefficient of approximately 1.0 (fig. 5).

The other two models, having smaller cone angles and larger bluntness ratios,
are more nearly approximated if a modified Newtonian pressure coefficient

(CPmax = 1.8) is used.

For pitch amplitudes up to 20°, the data presented in figure 7 show that
models A and B do in fact have nearly zero lift-curve slopes, as desired.



Model C, however, although having nearly zero lift-curve slope, does show a
significant variation of the lift-curve slope with pitching amplitude, becom-
ing increasingly negative with increasing amplitude.

These 1ift data and the drag data in figure 5 show that, for models A and
B, it was possible to design a model with constant drag and nearly zero lift at
least for the pitching amplitudes of these tests. The design philosophy used
for model C, however, did not result in lift-curve slopes nearer to zero at
the higher amplitudes than those obtained for models A and B, as was expected.

Analyzing these 1ift data by the method presented in reference 20, for
nonlinear moments, results in the variation of Cp versus o shown in fig-
ure 8. For angles of attack to about 10°, all three configurations had 1ift
coefficients between +0.01 and -0.017. At angles greater than 10°, the 1ift
coefficients for model C decreased quite rapidly with increasing angle of

attack.

The static stability (Cma) data in figure 9 show a slight decrease in

stability with increasing pitch amplitude for models A and B, but for model C
the stability remains essentially constant.

‘ Analysis of these nearly linear moment data by the nonlinear method of
reference 20 shows, as expected, nearly linear variations of Cp with a
(fig. 10). Figures 9 and 10 also show calculated values of Cy and Cy for

model A with the center of gravity moved forward from 32 to 28 gercent of the
diameter aft of the nose to match the center-of-gravity locations of models B
and C. These-data show that for pitch amplitudes below 10° the static
stability of models A and B were essentially the same.

The 1ift and moment coefficients (figs. 8 and 10) determined from the
experimental data by the method of reference 20, and the drag coefficients
(fig. 5) have been used to evaluate static margins [(X., - Xcg)/d] for models
A, B, and C, which are presented in figure 11. These data (figs. 9 and 11)
show that for model A a decrease in static stability with increasing pitch amp-
litude occurred with no discernible change in the static margin; for model B a
decrease in stability was accompanied by a corresponding decrease in the
static margin; and for model C the stability remained constant with an
increase in the static margin.

Also shown in figure 11 are static margins predicted for the models by
Newtonian impact theory. These theoretical predictions agree well with the
calculated data for all three models but do not predict the change in the
center-of-pressure location as a function of the changing amplitude for
models B and C.

The dynamic damping parameter, &, and the dynamic stability, Cmq + Cp.,
a

for the three zero lift models (A, B, and C) are presented in figures 12 and
13, respectively. These data show that models A and B were both dynamically




stable and that the stability was nearly constant for the pitching amplitudes
of these tests, Model C, however, appears definitely to be dynamically
unstable (£ positive).

High-Drag Bodies

The experimentally determined drag coefficients in figure 14 for models D
and E (the two high-drag models) show that model E with 60° cone half-angle
had about a 4-percent higher drag coefficient than did model D (55°). It can
be seen from figure 6 that both configurations lie in or near the regime where
the bow shock is detached for sharp cones and the bluntness ratio has a negli-
gible effect on the drag. The drag coefficient obtained for model E, although
predicted well by Newtonian theory Cp = 2.0, fig. 14), is somewhat lower

max
than that shown in figure 6 for a comparable model without the shoulder radius.
This reduction in drag is apparently due to a change in the flow field in the
vicinity of the rounded shoulders.

The 1lift-curve slopes (CLu) and the 1ift curves derived from them by the

nonlinear method of reference 20 are presented in figures 15 and 16. There
appears to be no significant difference between the two configurations with
respect to lift, except for values of C; at angles of attack above about 12°,

It should be pointed out, however, that in the angle range in which these 1lift
curves diverge, C; is not defined as well as at lower angles because the non-
linear terms used in the analysis become dominant. These terms may be
spurious, since the lift-curve slopes measured were nearly constant over the
amplitude range of these tests (to o = 15.5°) at approximately -1.0.

Static-stability data (Cy ) for models D and E (fig. 17) show that both
' o

models were statically stable for all of the pitching amplitudes of these
tests. However, these data also show that for the 55° blunt cone (model D),
the stability decreased with increasing pitch amplitude and for the 60° blunt
cone (model E), the stability increased. Of the five models tested, only
model E became more stable with increasing pitch amplitude. Since model E was
the only one of the five models to have a rounded shoulder, the pressure dis-
tribution in the vicinity of the shoulder could be influenced by a movement of
the separation point, whereas for the sharp cornered models the separation is
fixed at the corner.

Pitching-moment coefficients calculated from the experimental data by the
method of reference 20, based on a linear plus a cubic representation, are
presented in figure 18.

These moment data (fig. 18) and the drag and 1lift coefficients in
figures 14 and 16 were used to calculate center-of-pressure locations (X¢p/d)
and static margins [(X., - Xcg)/d] for models D and E. The data (figs. 1
and 20, respectively) show the rate of change of the center of pressure with
respect to angle of attack to be nearly the same for each model even though
the rate of change of the pitching-moment-curve slopes with angle of attack is

7



considerably different (see fig. 17). These data also show that the center-
of-pressure location for the 55° cone is approximately 40 percent of the diam-
eter farther aft than that for the 60° cone. The centers of pressure of the
two models predicted by Newtonian impact theory do not show this large
difference. In fact, Newtonian theory predicts no difference at all.

It can be seen in figures 14, 17, 19, and 20 that Newtonian theory does
a reasonable job of predicting the aerodynamic characteristics of the 60°
blunt cone but does a poor job of predicting the characteristics for the 55°
blunt cone. The reason may be that for the 60° cone the bluntness is small
(rp/Tp = 0.20), the bow shock wave is essentially conical and the shock-wave
stand-off distance is small; whereas, for the 55° cone the bluntness is large
(rp/Tp = 1.00), the bow shock wave is essentially spherical, and the stand-off
distance from the body is significant. It is apparently this large effect of
bluntness that moved the center of pressure so much farther aft for the 55°
cone than for the 60° cone. The extreme case of a right circular cylinder
illustrates this well, because Newtonian theory predicts no stability, yet
this shape is highly stable.

The damping parameter (£) and the dynamic stability (Cm + Cm,) for
q o

models D and E as a function of pitching amplitude are presented in fig-

ures 21 and 22, respectively. Both models are dynamically stable with nearly
equal damping characteristics which are essentially independent of pitching
amplitude for the amplitudes of these tests. It should be noted that a damp-
ing parameter of -4 represents a convergence in the model motion of

approximately 3 to 4 percent per cycle.

The aerodynamic coefficients determined for model D are compared in
figures 23 to 25 with coefficients for an identical forebody with a 30° half-
angle blunt cone afterbody (model F) and a center~of-gravity location 7-1/2°
farther aft.

The drag coefficients (fig. 23) are nearly the same. However, the drag
of model D decreases a little more rapidly with increasing angle of attack.

The two models have identical static stability (fig. 24) when compared !
for identical moment centers (Cma for model D, fig. 19, was transferred to

match the moment center of model F for these comparisons). It should be
pointed out at this time that the fiducial system in the facility in which the
tests of model F were performed (Ames Prototype Hypervelocity Free-Flight
Facility) is not sufficiently detailed to enable the accurate measurement

of the model translation in the y and z directions required for determining
the lift-curve slope. However, since the drag coefficients for model F (with
afterbody) did not decrease with increasing angle of attack as much as that

for model D and since the static stability (Cma) was the same for both models,

e U

it can be reasoned that the presence of the afterbody did not affect the
normal force but did slightly increase the axial force at the higher angles of
attack.




The damping parameter, £, for these two models (fig. 25) is the same,
within measurement accuracy, despite the moment-center differences. Unpub-
lished data for model F in the transonic region have shown that a 5-percent
forward shift in the center-of-gravity location resulted in a significant
increase in the dynamic stability. Similar improvement at a Mach number of 10
is not apparent from the data presented herein.

Figures 23 to 25 also include data for model F at Mach numbers of 3 and
16 and for Reynolds numbers from 200,000 to 400,000. The only significant
effect of these variations in Mach number and Reynolds number was in the
static stability for a Mach number of 3. At this Mach number there was a
considerable decrease in static stability (-0.145) with respect to that at a
Mach number of 10 (-0.25). These Mach number 3 results compare favorably with
unpublished data obtained at a Mach number of 1.2,

CONCLUSIONS

The static and dynamic aerodynamic characteristics of three zero 1lift-
curve slope, constant-drag bodies and two higher drag bodies having possible
application as Mars probe-lander configurations have been determined experi-
mentally in free flight, in still air. The test data indicate the following:

1. Using the Newtonian relationship CLa = Cpmax

to design a family of spherically blunt cones that have essentially constant
drag and nearly zero lift at angles of attack less than 15°. The three con-
figurations designed on.the basis of the above relationship show, experimen-
tally, that the combination of decreasing cone angle and increasing nose blunt-
ness required by these constraints resulted in a decrease in the dynamic
stability. In fact, for the three models tested the dynamic stability varied
from stable to unstable.

- 2CD0 it is possible

2. Of the two high-drag models tested (55° and 60° blunt cones), the 60°
cone had the higher drag by about 4 percent but the 55° cone was the more
stable. Of the five configurations investigated, only the 60° cone showed
increasing static stability with increasing angle of attack. The lift-curve
slope and dynamic stability were nearly the same for both the 55° and 60°
shapes, and in both cases the models were statically and dynamically stable.

3. The addition of an afterbody to the 55° cone did not appreciably
affect the aerodynamics for the range of angles of attack of these tests.

4, For all models, the static and dynamic aerodynamic characteristics
were orderly and generally nearly linear and displayed no unusual
characteristics.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, California 94035, Sept. 19, 1969
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TABLE 1.- SUMMARY OF MODEL GEOMETRIES

Model class

Configuration

Bluntness ratio (rp/ry)

Center of gravity from
nose (xcg/d

Afterbody cone half-
angle (8,), deg

Afterbody bluntness
ratio (ra/rb)

Nominal diameter, cm

12

Cone half-angle (6.), deg

Corner radius ratio (r./ry)

A
44.1

0.33

0.32

Constant drag (zero 1lift)

B
40.8
0.67

0

0.28

90

2.032|

0.27

90

2.032 |

-

_2.032

]

High drag

E
60.0
0.20

0.10
0.23

90

2.032

30

0.25

1.0

U

st

e AT R PRSI

et it e S it i o
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TABLE 2.- MODEL MEASUREMENTS, TEST CONDITIONS, AND RESULTS

(a) Aerodynamic facility

Model A; 6. = 44.1°
~Ca,» Cly» C +C ° p x103, a a o,B dev.,|y,z dev d, mxi0~!,.I,x1071, 2 p_A/2mx10%
Run Cp {per rad/per rad £ Tq M. Mo RexlD ’ ;/cm3 | E;z drgg Ui deg cm cm g yg_cmz Iy/lx md</Iy "= em-1
88 0.984' 0.275 -0,112 -0.817 -0.092 '10.86 0.3211 0.0768 5.31 7.66 23.2 0.27 } 0.0117 2.0368.0.9340 0.1872 0.6360 20.70 0.1340
98 .989 . 275 -.831 -6.071 -.379 10.00 .3210 .0761 1.89 2.67 11.6 .22 L0117  2.0356' .9200 .1829 .6368 20.84 .1346
104,991 .275 -.118 -2.728 -.184 10.88 .3181 .0762 6.24 8.92 14.9 .36 .0099 2.0366 .9213 .1832 .6353 20.86 .1346
111 .985 .276 -.005 -2.396 -.161 10.66 .3111 .0761 8.70-11.96 4.3 .29 .0076 2.0325 .8999 L1768 .6365 21.02 .1373
112 .970 .265 -.071 -2.355 -.164 10.75 .3169 .0767 8.47 10.75 2.3 .35 .0089 2.0356 .9275 .1859 .6377 20.67 .1345
113 .987 .270 -.191 -1.103 -.110 10.82 .3176 .0764 8.60‘12.44 37.7 .23 .0129 2.0366 .9171 .1831 .6367 20.77 L1356
114 .976 .267 -.041 -7.589 -.417 10.64 3112 .0763  8.3811.50 41.1 .23 .0099 2.0325 .9224 .1845 .6378 20.66 .1342
139, .970, .259 -.082 .241 -.039 10.78 .3154 .0763 13.79/18.86 4.8 .37 L0127 2.0335 .9241 .1847 .6364 20.69 L1341
140 .986 .266 -.031 -3.035; -.196 10.92 .3207 L0765 12.461{17.04 33.40 .34 .0135 2.0330 .9195 .1834 .6376 20.72 L1351
141 .986 .273 051 (-2.235| -.153 110.72| .3155 .0766 11.98({15.77| 2.6 .29 L0147 2.0345, .9209 .1840 .6368{20.72 .1352
142 .966 .265 -.195 | -2.710| -.186 |(10.74 .3152J .0764 {13.30 18.10| 5.6 .29 . .0122 2.03561 .9222 ‘ .1839 .6373‘20.78 ‘ .1347
Model B; 6. = 40.8°
89| .901 .315 -.226 -2.247 -.166 10.94 3260 .0776 3.24 4.567 18.2 .41 .0099 2.0351 .9948 .2030 .6294 20.30 .1268
100 | .902 .308 .239 -1.622 -.113 11.06 .3286 0774 4,39 6.20 77.5 .46 L0132 2.0340 .9541 .2026 .6275 20.30 L1265
165| .904 .308 .087 -3.827 -.229 11.05 .3260 L0771  5.77 8.07 25.3 .46 0122 2.0292 ,9848 .1996 .6307 20.32 L1267
115| .909 .298 .035 -1.035 -.084 10.77 .3187 0772 8.67 11.44 3.2 .33 .0114  2.0333 .9918 L2022 .6290 20.28 .1263
116| .908 .299 L1155 -3.847 -,229 10.47 .3104 L0772 8.71 10.97 1.97 .33 .0107  2.0351 .9986 .2040 .6283 20.27 L1258
123| .907 .298 -.027 -5.914 -.336 10.78 .3182 0770 9.44 12.65 4.2 .45 .0152  2.0330 .9882 .2003 .6293 20.39 .1265
124 .909 .303 .159 -.576 -.065 10.71 .3167 L0771 8.30 11.31 6.3 .30 0127 2.0343 .9936 .2025 .6277 20.30 .1261
143| .914 .286 . .205 , .639 -.003 10.73 .3176 .0773 12,75 16.41 2.3 .30 .0079 2,0250 .9890  .2006 .6275 20,30 .1264
144 .918 .284 .098 ¢ .811, -.001  ,10.60 .3139 L0773 11.77 16.50 7.1 .41 .0099 2.0302 .9826 .1988 ©.6291(20.37 L1274
145| .815 .292 .127 | -4.681) -.267 (10.94| .3228 L0773 12.1915.67| 2.3 .34 | .0137 }2.0239, .9675 .1932 .6259120.51 .1285
146 | .919 .290 -.008 .989 .003 |10.81( .3209 } .0774 |12.45J16.89 4.34[ .27 } .0165 2.0320] .9929 .2020 .6287{20.29 .1264
Model C; 08¢ = 27°
87 .858 .199 -.027 7.258 .350 11,20 .3317 L0772 3.62 5.01 12.5 .32 .0081 2.0335 1,234 .2801 .6240 18,22 .1016
102 .858 .197 -.069" 6.932 .328 11.06 .3270 .0769 7.78 10.88 121.1 .47 .0107 2,0371 1.234 .2801 .6242 18.29 .1015
103 .855 .205 .058 -5.679 -.355 11.13 .3273 .0767 4.70 6.46 29.4 .31 .00%4 2,0348 1,232 L2795 .6148 18.26 .1012
106 .867 .203 -.005 5.027 .228 11.05 .3247 .0768  8.05 11.16 23.7 .49 .0089 2,0295 1.223 L2765 .6234 18.22 .1015
125 .866 .196 -.231 -1.337 -,134 11.12 .3266 L0767 10.21 12.49 1.7 .37 L0101 2.0310 1.222 .2764 .6245 18.24 .1017
129 .859 .202 -.192 5.023 .217 11,15 .3248 L0762 8.05 11.36 4.8 .36 .0140 2.0315 1,222 .2758 .6214 18.28 L1011
130 .863 .201 -.127 .488 -.028 10.82 .3179 .0767 8.21 10.87, 2.4 .39 L0097 2.0325 1.229 L2785 .6234 18.23 L1012
147| .859 .199 -.247 5.023  .215 {11.20 .3314 .0772 13.21118.86| 15.6 .42 .0195 2.0320 1.233 .2793 .6240 18.23 .1014
148| .861 .197 -.360 ' 4.431 .176 |11.18 .3309 .0772 13.45(18.10| 2.7 - .44 L0183 2.0302 t.221 L2757 .6223,18.25 .1024
149 | .869 .199 -.388 1.650 .022 |11.20| .3297 , .0771 12.52(17.82| 21.2 .32 .0157 2.025171,228 L2775 .6238118.15 L1011
150| .865 .199 -.211 | 6.888 .318 |11.04| .3266 [ L0772 113.94 18.31 2.5 .37 ‘ L0157 2.0290’1.222 L2755 .6234|18.26 . 1022
Model D; 6. = 55°
86(1.330 .278 | -1.068 -.065 -.104 |10.09 .3023 .0783 4.44 6.24 16.9 .40 L0101 2.0300 .5817 .1007 .544923.81 L2177
92(1.362 .285 | -1.,275 2.249 -.016 |10.39 .3122 .0786 2.53 3,30 19.6 .27 .0109 2.0257 .5745 .0981 .5411/24.03 .2206
94|1.360 .275 -.972 ,  .688 -.,068 |10.12 3067 .0790 1.57 2.22 12.3 .44 .0104 2.0345 .5777 .099%6 .5432(24.02 .2221
13211,309 .265 -.894 |-3.366| -.233 |10.05 .3050 L0791 8.72 12.24 9.6 .36 L0112 2.0323 .5828 .1008 .5429(23.87 .2201
133|1.318 .272 -1.004 | -.337; -.112 {10.15} .3077 .0790 7.73,10.64, 4.3 .34 .0134 2.03301 .5830 .1011 .5427123.84 .2200
13411.313 .274 -.964 | -3.678| -.249 |10,32| .3118 .0790 8.45|11.28| 2.9 .29 .0099 2.0277| .5793 .0987 .5436(23.90 .2200
151(1.280 .260 | -1.053]-3.942| -.262 (10.19| .3058 .0784 11.07|15.27| 4.7 .36 .0157 | 2.0300| .5797 .0998 .5427123.93 .2189
152(1,288 .263 | -1.000 {-3.171| -.229 |10.25| .3083 .0786 |10.49:14.88{213.0 .54 .0124 12,0315| .5828 .1011 .5442123,80 L2185
15311.285 .261 -.972 | -1.857| -.171 |10.31; .3094 .0782 [10.90]15.25 8.1 .51 .0127 (2.0376] .5812 .1005 .5436|24.01 .2194
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TABLE 2.- MODEL MEASUREMENTS, TEST CONDITIONS, AND RESULTS - Concluded

r -Cn,, > CLy» Cp_#Crs a, 0,8 dev.,|y,z dev.,| d, [|mx107%,}1 x1071, 2 p_A/2mx104
Rum €0 lper Tad per rad £ ™M M| M, \Rex10-° Dm’;lronaa' GEZ’ dog |*mAmin| deg 7 cm g Yooemt | Ty/ Tx|md™/Ty =07 0
g/¢ . - {
| ; i Model E; 6c = 60° i 1 '
. :
90.1.404 0.159 -1.178 -0.977 -0.165 10.17 0.3151 |0.0806 | 3.83| 5.37| 5.06| 0.27 0.0127 2.0340 0.6748 0.1294 0.5440 21.58 0.1940
95 1,436 --- ---  -2.027 --- 10,39 .3193 .0801 2.30| 3.26| 54.4 .29 L0137 2,0343 6720 .1289 .5447 21.57 .1938
96 1.392 .162 -1.098 -2.363 -.226 10.36 .3196 .0804 6.25 8.991 18.7 .50 L0118 2,0338 .6727 .1294 .5453 21.51 .1940
97 1.416 --- --- -5.881 ---  9.22 .2828 .0800 2.96 4.24° 18.4 .26 .0140 2,0348 6730 L1291 .5434 21.58 .1932
107 1.357 .167 -1.047 -2.766 -.242 10.41 3222 0806 7.55 9.85 2.6 .38 .0091 2.0340 6728 .1303 .5436 21.36 .1946
108 1.390 .156 -.965 -3.789 -.283 10.17 .3124 L0802 7.07 9.56 4.8 .36 .0096  2.,0320 .659% .1254 .5427 21.73 L1971
109 1.380 .163 -1.059 -3,543 -,277 10.34 3172 .0801 7.33 9.68 3.1 .27 .0099 2.0328 .6627 L1266 .5452 21.63 .1860
110 1.366 .157 -.951 -2.477 -.221 10.27 .3170 .0803 7.66 8.9% 1.5 .29 L0127 2.0363 .6681 .1277 .5429 21.70 .1958
135 1.322 .169 -.881 -3.,434 -.262 10.24 3162 .0804 11.64 15.15 2.6 .31 L0112 2.0338 .6714 .1292 .5438 21.49 .1946
136 1,330 .170 -.914 -1.817 -.188 '10.18 3151 .0806 .11.29 15.52 29.9 .24 L0125 2,0356 .6721 L1290 .5433 21.58 L1951
137 1.312 172 -.897 -4.088 -.291 10.33 .3189 L0804 11.80 15.24: 2.6 .35 .0150 2.0356" .6716 .1286 .5435 21.64 .1947
i138 1.330 .167 | -.919 -3.426 -.264 <10.21 3162 .0807 10.92 14,95, 7.6 | .26 . .0091 lZ.O%ﬁEl L6742 | 1299 .5443 21.48 .1946
N A - 4 “ <
.( (b) Prototype hypervelocity free-flight facility
Model F; 6. = 55°
T
1525/ 1,373 .144 -—- 4,748 --- 3.09] .0591 .0998 | 4,11| 6.081608.0 .20 ‘ “-- 1.014 .2208 .0144 |.8115115.75 .1824
1526 1,350 .144 -—- 2.171 --- 3.131 .0597 ! .0995 5.45| 7.79) 65.0 .18 --- 1,0145 .2137 .0137 ' .8058' 16.05 .1882
15221 1.351 .258 --- 154,252 -—- 10.88 .2057 .0989 ; 1,38 2.00| 16.7 ! .25 --- 1 1.0152" .2242 ,0145 L7974 15.98 .1786
1523 1,331 .283 ~-- ' 48.703 ' --- 10.73 .2033 .0990 1.19 1.61 40.2 .41 - 1,0155 .2240 .0144 .7883 16.03 .1790
1530 1.266 .222 --- .543 --- 10.16 ,1943 .0998 12,51 17.55 8.1 .23 --- 1.0155 .2227 .0144 L7912 15.95 .1813
1531 1,250 .222 --- 2,217 --- 10.55 .2002 .0992 14,53 20.03 5.7 .27 --- 1,0155 2226 .0144 .8026 15.96 .1805
1570 1.324 .237 - .695 - 10.25 .1997 L1011 8.56 11.91 39.7 .17 -—- 1.0185 .2265 .0148 L7792 15.82 .1818
1571 1,343 .253 --- -2.782 --- 11.00 .2126 .1006 8,17 10.82 3.2 .25 --- 1.0160 .2265 0147 .7871 15.91 .1801
1572 1,362 .258 -—— 3.008 --- 11.21 .2172 .1008 8,97 12.96 9.7 .15 --- 1,0157 .2237 .0143 L7775 16.09 .1826
1573 1,330 .245 --- -.091 --- 11.17 .2153 L1003 9,41 12,43 2.6 .28 --- 1.0160 .2283 .0147 .7747 16.03 L1781
1574 1,358 .258 --- -7.624 - 11.32 .2198 .1009 1.69 2.18 5.5 .37 --- 1.0155 .2250 .0144 L7716 16.12 .1816
1595 1.360 .252 --- 7.771 --- 10.85 .2082 .1001 2,68 3.66 8.9 .33 - 1.0150 .2235 .0142 L7745 16.16 .1812
1596 1.356 .250 --- -11.222 ——= 10.94 .2130 .1013 2,36 3.22 12.8 .24 - 1,0147 .2253 .0144 .7813 16.06 .1818
1597 1.337 .242 --- 10.268 --- 11.08 .2136 L1005 5.90 8.14 11.2 .18 -—- 1.0147 .2240 .0143 L7799 16.08 . 1815
1601 1,365 .254 --- 8,967 --- 10.56 ,2031 .1002 3.62 4,98 6.8 .36 --- 1,0155 .2277 .0146 .7764 16.06 .1782
1674 1.347 .253 --- -12.817 --- 11.05 .2093 .0981 8.58 11.46 3.1 .40 - 1.0152 .2239 L0143 L7986 16.14 L1790
1675 1,327 .252 - -4,597 = 11.00 .2097 .0997 10.62 14.53 29.1 .36 --- 1,0132 .2233 .0142 L7962 16.17 -1799
1676 1.367 .252 —-- -.417 - 11.47 .2230 L1014 7.72 9.33 2.7 .29 - 1,0114 .2239 L0146 .8102 15.73 .1819
1677 1,345 .256 -—= .491 --- 11.62 .2218 .1002 9.49 12.91 1.0 .40 - 1,0084 ,2230 .0146 .8180 15.57 .1795
1678 1,347 .242 -—- -1,158 -—= 11.40 .2157 .0992 8.84 11.48 3.2 .24 --- 1.0124 .2245 0142 .7877 16.25 L1778
1679 1.352 .241 --- -3.210 -—- 11.30 ,2191 L1010 8.47 11.44 7.4 .16 --- 1.0130 .2215 .0140 .7866 16.21 .1838
1532 1,239 .220 --- .528 --= 10.69 .3865 .1885 15.68 22.55 8.0 .51 --- 1.0142 ,2230 .0143 .7893 16.02 .3414
1533 1.257 .221 --- -.955 --- 10.66 ,3782 L1861 14,24 20.54 24,2 .57 - 1.0117 .2189 .0142 .8116 15.77 .3417
1534 1,237 217 ——- -1.159 --- 10.76 .3810 L1850 16,12 23.27 136.9 .29 - 1.0173  ,2256 .014e .7898 16.03 .3333
1576 1.387 L2460 --- -29,117 - 16.07, .3131 .1014 3.59 4.85 5.5 .46 ——— 1.0147, .2249 .0145 .7814 15.99 .1823
1577 1.372:  .284 --- -16.907 --= 15.485 .2984 .1005 3.17° 3.95. 4.1 I .58 --- 1.0145° .2248 .0144 .7833 16.05 .1807
:157%71.427; .3£§J --- i -8.263 i -— _16.00, L3133 ) L1017, .70 .91i 4.3 . .32 --- 1.0160 .2244 ) .0143 .7891(16.18 ) .1837
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(b) Model B (Xcg/d = 0.28),.

Figure 1.- Model configurations.
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(c) Model C (Xcg/d = 0.27).

Figure 1.- Continued.
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Figure 1.- Continued.
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Figure 1.- Concluded,
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Figure 2.- The relationship between nose bluntness and cone half-angle for
models having Cp = 1.0 and C; = 0.
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A-36135
{(a) Zero 1lift constant drag bodies,

Figure 3.- Photographs of models and typical sabots.




(b) High drag bodies. A-42007

Figure 3.- Continued.
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(c) Model A and sabot.

igure 3.- Continued,
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a, deg
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{(a) Model B.

Figure 4.- Typical pitching and yawing motions produced by the model.
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(b) Model D.

Figure 4.- Concluded.




9z

Conical flow
_Z Newtonian theory
1.0 O 0] —C @D ORNO) P o) Cpmax= 2.0
s e —— o R e o8
O O KD o O 0O
8
6 ( ( l (
Co A B c
4
Theory Model 6, f/fy  Xeg/d Re Mo
o) A 44.1° 033 032 0.32Xx108 10.8
g —— B 40.8° .67 .28 .32x108  10.8
2 - O —-— ¢ 27.0° .95 .27  .32x10% 11.1
] | A | 1 ] | |
0 2 4 6 8 10 12 14 16
armsv deg

Figure 5.- Variation of drag coefficient with angle of attack for models A, B, and C.
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Figure 6.- Variation of the drag coefficient of spherically blunted cones as

a function of cone half-angle and nose bluntness.
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C 4+ Per radian

Model A /Ty Xeg/d Re Mo
| '®) A 44.1° 0,33 0.32 0.32X10% 10.8
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Figure 7.- Variation of the lift-curve slope (CL ) with pitch amplitude for
Ol

models A, B, and C.
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Figure 8.- Variation of 1ift coefficient with angle of attack for models
A, B, and C.
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Figure 9.- Variation of the static stability (Cm )with pitching amplitude
Cl
for models A, B, and C.
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Figure 10.- Variation of the pitching-moment coefficient with angle of attack

for models A, B, and C.
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Model 6, m/ty  Xcq/d Re M,  Newtonian

A 44.1° 0.33 032 0.32x10% 10.8
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Figure 11.- Variation of the static margin with angle of attack, referred
to the homogeneous center of gravity, for models A, B, and C.
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Model 6, /Ty Xeg/d Re Mg
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Figure 12,- Variation of the damping parameter (£) with pitch amplitude for
models A, B, and C.
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Figure 15.- Variation of the lift-curve slope (CLa) with pitch amplitude for models D and E,
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Figure 19.- Variation of the center of pressure with angle of attack for
models D and E. *
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Figure 20.- Variation of the static margin with angle of attack, referred to the homogeneous center of
gravity, for models D and E.
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